Introduction {#s0005}
============

It is estimated that over 300 million adults worldwide will be living with diabetes in 2030 ([@bb0155]). Since β-cell dysfunction can begin more than 10 years before type 2 diabetes presents ([@bb0080]), and type 2 diabetes is being diagnosed in children and adolescents, childhood interventions are critically important in preventing diabetes and its long-term complications, particularly for populations with known risk factors.

Exercise decreases the risk for type 2 diabetes by mitigating insulin resistance ([@bb0005], [@bb0050], [@bb0090], [@bb0110], [@bb0115], [@bb0170], [@bb0190], [@bb0195], [@bb0200], [@bb0205], [@bb0210]). Lower levels of physical activity observed in children between the ages of 9 and 15 years old are associated with higher markers of insulin resistance as measured by HOMA-Insulin Resistance (HOMA-IR) and higher fasting insulin levels ([@bb0090]). Compared to other cardiovascular disease risk factors in children, including systolic blood pressure, total cholesterol, triglycerides and fasting insulin, HOMA-IR has the strongest association with physical inactivity ([@bb0005]). Changes in insulin resistance with physical activity are not solely mediated by weight loss, since physical activity can improve insulin sensitivity with or without weight loss ([@bb0025], [@bb0045], [@bb0160]). In addition, physical activity modulates insulin sensitivity independent of body mass index (BMI) ([@bb0030], [@bb0050], [@bb0190], [@bb0200]). Adiposity is positively correlated with insulin resistance ([@bb0190]), but even in the context of significant adiposity (BMI \> 25) physical activity is still protective against metabolic disease ([@bb0170], [@bb0190], [@bb0210]).

Mouse and human studies have demonstrated that serum OCN, a protein expressed by osteoblasts during bone mineralization ([@bb0140], [@bb0175]), is associated with higher insulin sensitivity ([@bb0055], [@bb0060], [@bb0085], [@bb0095], [@bb0135], [@bb0130], [@bb0140], [@bb0180], [@bb0185]). As plasma OCN levels increase, fasting and post-challenge serum glucose levels ([@bb0085], [@bb0135], [@bb0180]) and HOMA-IR significantly decrease ([@bb0085], [@bb0180], [@bb0185]). The carboxylated and uncarboxylated forms of OCN in plasma have also been studied and both are found to be inversely related to fasting and post-challenge glucose levels after adjustment for age and BMI. The uncarboxylated form of OCN is associated with improved β-cell function and the carboxylated form is associated with improved insulin sensitivity (Si) ([@bb0085]). Moreover, daily injections of uncarboxylated OCN increase insulin sensitivity in mice ([@bb0065]). OCN also appears to enhance β-cell function based on HOMA-%B ([@bb0085]) and β-cell proliferation ([@bb0060], [@bb0095], [@bb0135]). In addition, higher OCN levels in adults with type 2 diabetes mellitus are associated with better glycemic control ([@bb0165]). Interestingly, total OCN levels increase with endurance, aerobic and strength exercise interventions ([@bb0035], [@bb0055], [@bb0100]). Since both OCN and physical activity are associated with higher insulin sensitivity, research is needed to clarify the relationship between OCN, physical activity and Si. Although OCN increases with aerobic and resistance exercise interventions, it is unknown whether OCN levels are related to routine daily physical activity.

This study examined whether OCN levels were associated with daily physical activity in adolescents. It is hypothesized that higher levels of daily physical activity would be associated with higher OCN levels and better insulin sensitivity. If confirmed, this observation would further advance the understanding of the relationship between OCN, insulin sensitivity and physical activity.

Methods {#s0015}
=======

Participants {#s0050}
------------

Obese (BMI \> 95%) and normal weight children, age 8 to 17 years old, were recruited to study OCN and Si from Fairview University Clinics and the community via posted advertisements. Adolescents with diabetes, those taking medication that altered insulin sensitivity, secretion or β-cell mass, individuals concurrently participating in an intervention trial, or individuals who were pregnant were excluded. Overweight children (BMI z score of 1--1.49) were excluded from the study while normal (BMI − 1 to 0.99) and obese (BMI 1.5 or greater) children were included. This study was approved by the University of Minnesota Institutional Review Board. Written informed consent was obtained from all parents/guardians, and assent from all participants.

Measurements {#s0020}
------------

Following a minimum 10-hour fast, all participants underwent an insulin modified frequently sampled intravenous glucose tolerance test with 32 blood samples over 3 h (FSIGT) ([@bb0010], [@bb0015]), phlebotomy, physical examination for pubertal stage by Tanner ([@bb0150], [@bb0145]), anthropometrics, and body composition by dual-energy x-ray absorptiometer (GE Lunar iDXA, enCORE software version 13.6; General Electric Medical Systems, Madison, WI). Total OCN was measured in serum using the MicroVue Osteocalcin EIA kit from Quidel Corporation (San Diego, CA) (intra-assay CV 3.1%). Bone-specific alkaline phosphatase (BAP), another marker of bone formation, was measured in serum using the MicroVue BAP EIA kit from Quidel Corporation (San Diego, CA).

Physical activity was measured through questionnaires completed by subjects, with the assistance of their parent/guardian. These questionnaires were completed at the time of initial assessment from 2010 to 2012. The Physical Activity Questionnaire for Older Children was completed by participants less than 14 years old and the Physical Activity Questionnaire for Adolescents was for participants aged 14--17 years old. In these questionnaires, the participant must recall how often they completed an activity in the last week and the responses are quantified as a score of 1 through 5 ("no" activity = 1 and "7 times or more" = 5). A physical activity composite score or Physical Activity Questionnaire summation score (PAQsum) is calculated as the average response reported, excluding questions left unanswered. A PAQsum of 1 indicates low physical activity, whereas a score of 5 indicates high physical activity. PAQsum is a reliable and valid measure of physical activity in children that is used to differentiate between active and inactive children ([@bb0040], [@bb0120], [@bb0125]).

For the FSIGT, two peripheral intravenous lines were inserted in a superficial vein in each arm 30 min prior to blood draws. A dose of 0.3 g/kg body weight (50% dextrose) was manually injected over 1 min. Time zero was taken at the end of the dextrose infusion. Blood samples were collected every 1--20 min for 180 min after dextrose infusion. Insulin 0.05 units/kg body weight was given as an IV push at time + 20 min. Insulin sensitivity (Si) was determined by the MINMOD method for interpretation of FSIGT ([@bb0010], [@bb0015]). Si measures the capacity of insulin to promote the clearance of glucose and inhibit endogenous glucose production.

Statistical analysis {#s0025}
--------------------

Descriptive statistics are presented as means (standard deviation) for continuous variables and as number (percentages) for nominal variables. All skewed variables (total OCN, BAP, Si) were log transformed for analysis. The association between total OCN and PAQsum was analyzed using linear regression with and without adjustment for age, sex, Tanner stage, and BAP; the interaction of obesity with PAQsum association with OCN was evaluated as well. The association between total OCN and Si was analyzed using linear regression with adjustment for age, sex, and Tanner stage. Tanner stage was categorized as either \< 3 or ≥ 3 for analysis, and prepubertal subjects (Tanner stage 1) were excluded. Individuals were separated by PAQsum categories (PAQsum \< 2, 2--3, and \> 3) and the respective OCN and Si levels were tested by ANOVA. For all statistical analysis an alpha level of less than 0.05 was used to determine statistical significance. The analysis was conducted between 2013 and 2015 after all data was collected.

Results {#s0030}
=======

Fifty-four (26 obese and 28 non-obese) participants were enrolled in the study. Seven participants were excluded from analysis: 3 with polycystic ovarian syndrome, 1 with incomplete PAQ data, and 3 with Tanner stage 1. Characteristics of the remaining 47 participants are described in [Table 1](#t0005){ref-type="table"}. PAQsum ranged from 1 to 4 among participants. There was no significant difference in PAQsum between sexes (p = 0.9) or Tanner stage (p = 0.2).

PAQsum was significantly associated with both OCN (correlation r = 0.39, p = 0.006 ([Fig. 1](#f0005){ref-type="fig"})) and BAP (r = 0.30, p = 0.043). PAQsum remained significantly associated with OCN after adjustment for age, sex, Tanner stage (p = 0.022) and BAP (p = 0.046) and percent body fat (p = 0.044). Participants with low physical activity had significantly lower OCN levels compared to participants with either moderate or high physical activity ([Table 2](#t0010){ref-type="table"}). There was a plateau in OCN levels at a PAQsum score of greater than 2 ([Fig. 1](#f0005){ref-type="fig"}). There was no interaction between obesity and the association of PAQsum with OCN.

Although there were higher levels of Si in the moderate activity (PAQsum 2--3) group compared to the low activity (PAQsum \< 2) group (p = 0.08) and there was no further improvement in Si in the high activity group. After controlling for sex, age, and Tanner score, there was no statistically significant association between Si and PAQsum, whether or not percent body fat was included as an adjustor ([Table 2](#t0010){ref-type="table"}). Si was also not positively associated with OCN after adjustment for age, sex, percent body fat, and Tanner stage (p = 0.555).

Discussion {#s0035}
==========

Moderate to high levels of unstructured physical activity were associated with an elevated level of OCN compared to a low level of physical activity. This association of OCN with physical activity was independent of another marker of bone formation (BAP) suggesting a unique role for OCN in the enhancement of Si through physical activity. Previous research has identified a positive correlation between OCN and exercise interventions ([@bb0035], [@bb0055], [@bb0185], [@bb0195]); however, the unique contribution of this study was to demonstrate an association between moderate and high levels of unstructured daily physical activity and elevated OCN levels in older children. Higher levels of OCN observed in the moderate and high physical activity groups represent another potentially beneficial effect of physical activity and exercise, further supporting the importance of promoting physical activity in children and adolescents.

The association between serum OCN and physical activity has not been well characterized. Research has shown that children and adults who complete exercise interventions, ranging from 1 month to 1 year, all demonstrate significant increases in OCN levels ([@bb0035], [@bb0055], [@bb0185], [@bb0195]). Acute increases in OCN were found as soon as two days after a triathlon ([@bb0075]). Two different pediatric studies both demonstrated OCN increases in parallel with insulin sensitivity after exercise intervention ([@bb0185], [@bb0195]). Both interventional studies provided participants with trainers or coaches who created structured exercise programs. None of these studies addressed how unstructured play, activity during free time or the levels of daily physical activity affect OCN levels. The PAQsum measurement of physical activity does not quantify the time spent in vigorous activities but does identify how physically active a child has been in the week prior. Therefore, this study demonstrates that OCN is positively associated with even unstructured daily physical activity.

Although this study did not find that the relationship between OCN and physical activity was affected by BMI, OCN has been negatively associated with BMI and fat mass ([@bb0020], [@bb0055], [@bb0070], [@bb0085], [@bb0095], [@bb0105], [@bb0180], [@bb0185]), even after adjusting for differences in physical activity ([@bb0180], [@bb0185]), and changes in BMI after exercise training have been shown to be significantly correlated with changes in OCN ([@bb0100]). Obese children have higher insulin resistance and leptin concentrations with decreased serum OCN and adiponectin levels in comparison to normal weight children ([@bb0185]). Since leptin is elevated in patients with high adiposity and has an inverse relationship with OCN, leptin has been suggested to mediate the relationship between OCN, insulin sensitivity and adiposity ([@bb9000]). Interestingly, lean adults have demonstrated a stronger association between OCN and insulin sensitivity than obese adults ([@bb0055]) suggesting that these associations are important to evaluate in both normal and obese individuals. While muscle mass, leptin and adiposity may affect the relationship between physical activity and OCN, the results of this study demonstrate that OCN and physical activity uphold a significant association independent of BMI. Therefore, the benefits of physical activity on OCN levels span across all BMI and suggest that all adolescents and children, from normal weight to obese, may experience a beneficial effect from even mild to moderate physical activity.

This study was limited by the relatively small sample size and indirect measurement of physical activity --- the PAQ does not measure caloric expenditure, intensity or duration of physical activity. This study reported total serum OCN and did not clarify how uncarboxylated osteocalcin may have unique relationships between physical activity and insulin sensitivity or evaluate the role of leptin in these relationships. However it is strengthened by the direct measurement of FSIGT versus the use of surrogate measures of insulin resistance such as fasting insulin. In addition, the participants in this study completed the PAQ during summer break and therefore questions about recess and after school activities in the PAQ were excluded in those individuals. Despite these limitations, this is the first study to evaluate the relationship of OCN with daily physical activity levels and explore the role of OCN in the insulin sensitizing effects of physical activity.

In conclusion, unstructured daily activity during free time has a positive relationship with OCN. Unstructured play is the most practical intervention to modulate OCN, promote health and possibly delay or prevent the onset of obesity related complications in all children. This study provides further support for initiatives which aim to integrate more physical activity into the daily routines of children to improve health outcomes and prevent diabetes. Studies have established that OCN is associated with increased insulin sensitivity but more research is needed to investigate how unstructured play, as well as bone focused interventions, may affect OCN, leptin and insulin sensitivity.
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![Osteocalcin and PAQ summary score for 47 participants in Minneapolis 2010--2012. Classified by tertile of insulin sensitivity (Si): black dots indicate those with lowest Si, gray dots indicate medium Si, and open circles indicate highest Si. The curve is a nonparametric estimate (lowess) of mean osteocalcin. Mean osteocalcin within each PAQ summary group (1--2, 2--3, 3--4) is indicated by filled squares with 95% confidence intervals.](gr1){#f0005}

###### 

Subject characteristics and comparison of obese to normal weight subjects.

  ----------------------------------------------------------------------------------------------------------
                                                              All\         Obese\           Normal weight\
                                                              (n = 47)     (n = 22)         (n = 25)
  ----------------------------------------------------------- ------------ ---------------- ----------------
  Age, years                                                  14.9 ± 1.7   15.0 ± 1.7       14.9 ± 1.7

  BMI, percentile[⁎](#tf0005){ref-type="table-fn"}            74 ± 28      99 ± 1           53 ± 22

  Body fat, %[⁎](#tf0005){ref-type="table-fn"}                36 ± 11      45 ± 6           27 ± 7

  PAQsum                                                      2.4 ± 0.8    2.3 ± 0.9        2.4 ± 0.8

  Gender, female                                              26 (55)      11 (50)          15 (60)

  Tanner stage                                                                              

   2--3                                                       8 (17)       5 (23)           3 (12)

   4--5                                                       39 (83)      17 (77)          22 (88)

  OCN, ng/mL                                                               14 (11--18)      16 (13--20)

  BAP, U/L                                                                 64 (46--88)      61 (45--82)

  Si[⁎](#tf0005){ref-type="table-fn"}, (mU/L)^− 1^ min^− 1^                1.5 (1.2--1.8)   4.1 (3--5)
  ----------------------------------------------------------------------------------------------------------

Values are mean ± SD for non-skewed variables, geometric mean (95% confidence interval) for skewed variables, or N(%) for categorical variables.

BMI = body mass index; PAQsum = Physical Activity Questionnaire summation score; OCN = osteocalcin; BAP = bone specific osteocalcin; Si = insulin sensitivity.

Study completed in Minneapolis 2010--2012.

Significant differences (p \< 0.05) between obese vs. normal weight subjects.

###### 

Comparison of OCN, insulin sensitivity, and adiposity by PAQsum tertiles.

  -----------------------------------------------------------------------------------------------
                             Low activity \< 2\   Moderate activity 2--3\   High activity \> 3\
                             (n = 15)             (n = 23)                  (n = 9)
  -------------------------- -------------------- ------------------------- ---------------------
  Age, years                 15.8 ± 1.6^a^        14.5 ± 1.7^b^             14.4 ± 1.4^b^

  OCN, ng/mL                 11 (9--14)^a^        17 (14--21)^b^            18 (14--25)^b^

  BAP, U/L                   43 (30--63)^a^       72 (53--97)^b^            78 (48--125)^ab^

  Si, (mU/L)^− 1^ min^− 1^   2.1 (1--3)           3.1 (2--4)                2.6 (2--4)

  BMI, percentile            79 ± 31              71 ± 26                   75 ± 29

  Body fat, %                40 ± 10^a^           32 ± 10^b^                36 ± 12^ab^
  -----------------------------------------------------------------------------------------------

Values are mean ± SD or geometric mean (95% confidence interval) or N(%).

Letters indicate significant differences (p \< 0.05) between groups. No letters indicate no significant differences.

BMI = body mass index; PAQsum = Physical Activity Questionnaire summation score; OCN = osteocalcin; BAP = bone specific osteocalcin; Si = insulin sensitivity.

Study completed in Minneapolis 2010--2012.
